.
) is a well-known phosphor from its application as the red emitting phosphor in fluorescent lamps and projection cathode ray tubes (CRTs). [1] [2] [3] , Nd 3+ or Tm 3+ as a scintillation material. [7] [8] [9] [10] [11] [12] [13] [14] [15] When non-doped Y 2 O 3 is excited by a-particles, 7 UV-radiation (207 nm) 8 or X-rays, [9] [10] [11] [12] [13] a broad luminescence band is observed between 340 nm and 500 nm. Table 1 summarizes the wavelength at maximum (l max ) of this broad luminescence band recorded in the literature. The values for l max listed in Table 1 X-ray 9 364 X-ray 10 500 X-ray 11 385 X-ray 13 Wood and Hayes 10 reported that the 364 nm emission band is particularly strong upon X-ray excitation at 1. -oxalate (6% and 2%) and then slurry-mixing (SM) these precipitates before annealing. These samples were then annealed for four hours at 980 1C in air.
Materials and methods

Materials and synthesis
Transmission electron microscope
The submicron spherical Y 2 O 3 and Y 2 O 3 :Eu 3+ samples were investigated with a TEM (2100F, JEOL, Japan) equipped with a Schottky-type field emission gun. When operated in scanning mode (STEM), the spot size of the e-beam at the specimen was adjusted to 0.2 nm or 1.5 nm. Initial work demonstrated the need to reduce the X-rays in the column generated from the condenser lens aperture, which were found to significantly contribute to disperse excitation of phosphor samples. These X-rays excited the phosphor and caused the emission of visible light when the electron beam was not on the sample, leading to unwanted interference and a loss of resolution. To reduce this X-ray excitation of the sample, a hard X-ray aperture was inserted into the column, which reduced the background noise in CL imaging and spectroscopy modes considerably. The TEM was equipped with a Vulcant CL detector, Gatan, USA, for imaging and spectroscopic purposes. This system used a Czerny-Turner spectrometer with back-illuminated CCD and a grating with 1200 lines per mm (blazed at 500 nm) for collection of CL emission spectra. Light was collected from the sample using a mirror above and below the sample, which enabled a solid angle of about 5 sr, which is almost half of a sphere. This high solid angle made light collection highly efficient and enabled the collection of CL at low intensity. Unfortunately, the cooled detector of this spectrometer did not allow the recording of spectra at l o 380 nm. In the subsequent sections spectra recorded with this spectrometer will be represented at l 4 400 nm. Spectra between 200 and 400 nm were recorded with the Black Comet spectrometer of StellarNet Inc. (USA) for undoped Y 2 O 3 . This spectrometer had an uncooled detector and the spectra were therefore much noisier. By collecting the visible light with the Vulcan system simultaneously with JEOL's high-angle annular dark-field (HAADF) detector, it was possible to observe the visible light that was emitted from the particles. A small cryostat connected to the sample holder enabled cooling of the samples in the TEM down to 102 K (À171 1C); adjustment of the sample temperature anywhere between 102 K and 303 K could be made. A Gatan electron energy loss spectrometer (EELS) was used to map the position of europium ions at the surface of the nanocrystals.
X-ray powder diffraction
The crystalline phases of the products were determined by X-ray powder diffraction (XRPD) using a Bruker D8 Advance X-ray powder diffractometer fitted with a nickel-filtered copper source and a LynxEyet silicon strip detector. Data were recorded from 5 to 100 2y degrees at 25 1C. The diffractometer was previously calibrated using an aluminium oxide line position standard from Bruker and a LaB 6 NIST SRM 660a line profile standard. Diffractograms were collected using the annealed powders in a conventional holder. The emission of the nickel filtered Cu source and hence the instrumental line broadening was determined by fitting the NIST standard using Bruker Topas version 3. Phases in the combusted products were identified from the XRD patterns by peak search matching using the ICCD PDF-2 data files.
Results
Transmission electron microscope analysis between 200 nm to 300 nm. Fig. 1b presents a TEM image of a single particle, which is composed of a number of tessellated nanocrystals from 40 nm to 80 nm.
In Fig. 1c This diagram proved that this material after annealing for 4 hours at 980 1C also consisted for 499% of the cubic phase.
UV/blue emission band (1), which is represented by a Gaussian profile (3) corrected for the background (2). The Gaussian profile has been fitted to the spectrum with a least squares algorithm using Microsoft's Excel solver.
By averaging the values for l max and the full width at half maximum (FWHM) from spectra recorded at various temperatures, we determined that l max = 353 nm (28 300 cm
À1
) and FWHM = 5735 cm
. This value of l max is identical to the value published by Fukabori et al. 7 and close to the values published by Konrad et al., 8 Wood and Hayes 10 and Tanner et al. 12 Fukabori et al. found that in some of their samples the emission extended much further in the visible region. This has not been confirmed in our measurements, neither in those of the other workers. [8] [9] [10] 12, 13 Nevertheless, the broad UV emission band represented in Fig. 4 we could not detect any UV/blue emission at 400 nm. Beside the strong UV/blue emission at 400 nm, two very weak long wavelength bands can be observed (inset of Fig. 4A ), one at about 675 nm and the other at about 770 nm. Electron bombardment of the carbon-coated Cu-grid without Y 2 O 3 :Eu 3+ particles did not show any CL; hence, interference from the Cu-grid holder material can be excluded. The luminescence spectrum between 400 nm and 500 nm in Fig. 4A (and the weak long wavelength bands) did not noticeably change its shape upon reducing the energy of the electron beam from 200 keV to 80 keV. This therefore excludes Cherenkov radiation being the origin of the observed emission bands at concentrations, because the UV emission band is much broader than the 611 nm peak. Fig. 6 shows the effect of temperature on the spectral radiance of the intrinsic emission of undoped Y 2 O 3 : the lower the temperature, the stronger the UV/blue luminescence. The drift corrector facility, indicated in Fig. 5 , guaranteed that the spectra shown in Fig. 6 were recorded at the same spot. Since the time for recording the spectra (integration time) was also kept constant, the spectra for different temperatures can be compared directly: i.e. there is no effect of thickness. The intrinsic blue luminescence in Y 2 O 3 :Eu 3+ also increased by more than a factor of 10 upon decreasing the temperature from 31 1C to À171 1C. The two long wavelength bands shown in the inset of Fig. 6 are much weaker than the UV/blue emission and are also stronger at À172 1C than at 30 1C. It can be seen that the temperature behaviour of the band at 675 nm deviates from that of the other band at 770 nm and the UV/blue band. Upon excitation of Y 2 O 3 or Y 2 O 3 :Eu 3+ by X-rays or a-particles no emission was observed from these bands by other workers. 7, [9] [10] [11] [13] [14] [15] [16] These bands also disappeared when the Eu 3+ concentration was increased. The origin of these two bands is unknown. Fig. 7 is an Arrhenius plot of the spectral radiance (SR) measured at 353 nm with the StellarNet spectrometer (data points 1) and SRs measured at 405 nm with the Gatan spectrometer (data points 2 and 3). The data points of (1) refer to undoped Y 2 O 3 and 200 keV beam energy, the data points of (2) refer also to undoped Y 2 O 3 but at 80 keV and the data points of (3) The drift corrector facility enabled us to stay at the same point during recording of the spectra and after changing the temperature. In some cases a tiny shift was applied to deal with beam degradation. However, the measured effect of beam degradation on spectral radiance was o2%, which was smaller than the noise level in the spectra, especially in the StellarNet spectra, as shown in Fig. 3 . The curves in Fig. 7 have been fitted to the data points with eqn (4) Fig. 7 . In view of the spread in the data we consider that the trap depth of the STEs in undoped and doped Y 2 O 3 is identical and has a value of 0.14 eV.
In Fig. 8 we have summarized the quenching factor Z (for the blue band) as a function of Eu 3+ concentration for all samples investigated in the TEM. There are three types of samples collected in Fig. 8 , viz. urea-precipitated (without a number), oxalate co-precipitated (no. 1) and SM-oxalate precipitated (no. 2).
As mentioned above, blue luminescence could not be observed for the urea-precipitated samples at Eu 3+ concentrations 41.5 mol%, whereas the SM-oxalate samples showed very large blue luminescence for 2 and 6 mol% Eu
3+
. The spread in Z was about a factor of 3 in the SM-oxalate samples; in the urea-precipitated samples it was less. Fig. 8 illustrates the different behaviour of the SM-oxalateprecipitated and urea-precipitated samples, whereas the oxalate co-precipitated sample (point 1 in Fig. 8 which is much larger than the size of the oxalate-precipitated crystals. The Eu 3+ rich areas in the crystal hit by the e-beam do not contribute to the build-up of the blue band because of concentration quenching, whereas the areas with very low Eu 3+ concentration take care of the strong blue band signal. This hypothesis was confirmed by the very low Eu 3+ signal in the EELS (not shown) at various spots. From this consideration it can be concluded that the SM-oxalate precipitated sample should be inserted at a much lower concentration in Fig. 8 . Since the effective Eu 3+ concentration is unknown, the best we could do is plotting the result at the as-made Eu 3+ concentration.
Finally we would like to mention that we also observed blue luminescence in the TEM when bombarding undoped monoclinic Y 2 O 3 crystals with 200 keV electrons at 1.5 nm spot size. The monoclinic material was unstable under these electron bombardment conditions, decomposing partly into the more stable cubic form, and therefore we do not reproduce any results of these measurements in this article. 
where a is a proportionality constant, N e-h is the number of electron-hole pairs that is generated by the electron beam inside the crystal, S is the probability of transferring energy from an e-h pair to a luminescent centre, e.g. 
where P and C are constants to be fitted, E A is the activation or trap energy, k is Boltzmann's constant and T is the absolute temperature. In Fig. 8 described with an energy transfer probability S in eqn (3), which is 0 for undoped Y 2 O 3 and has a maximum value, albeit o 1, for a dopant concentration of 2 mol% and larger.
As mentioned above, Fig. 4 shows that the spectral radiance of Eu 3+ transitions at l o 580 nm decreases in the sequence Fig. 4B -D. We have plotted this behaviour for some transitions in Fig. 9 . Fig. 9 represents the ratios R 1 and R 2 , which are the ratios of the spectral radiances 5 transition; however, due to the lower spectral radiances the error bar in the graphs is larger and therefore these will not be reproduced here. The partial concentration quenching of the 5 D 1 transition of the Eu 3+ ion represented in Fig. 9 is well known and it has been described by Blasse and Grabmaier 2 and
Klaassen et al. 33 Blasse and Grabmaier explained the behaviour of R 1 in terms of the following cross relaxation in Eu 3+ :
This cross relaxation is facilitated by the ten times faster decay rate from 5 D 1 levels as that from 5 D 0 levels as indicated by Klaassen et al. 33 These latter authors described the partial quenching of 5 D J (for J 4 0) transitions in terms of radiative decay time and the rate of non-radiative transfer processes. However, neither cross relaxation nor rate constants explain why R 1 is so large in Fig. 9 at low Eu 3+ concentrations.
For a qualitative explanation we shall make use of the energy diagram depicted in Fig. 10 . Most levels indicated in Fig. 10 , based on the spectrum depicted in Fig. 4 concentration. 2, 35 In terms of the probability S in eqn (3) it means that energy from an e-h pair is transferred to a Eu 3+ ion.
At low Eu 3+ concentrations o2 mol% the strong intrinsic emission at 28 300 cm À1 may be absorbed by Eu 3+ ions in the lattice: this process is indicated by arrows (5) and (6) in Fig. 10 . It has been indicated in this figure that the Y 2 O 3 UV radiation is The latter process explains the high value of R 1 in Fig. 9 and similarly the rather strong Fig. 9 at low temperature is higher than at room temperature: the process indicated by the arrows (5) and (6) is more dominant at low temperature because of the much stronger UV luminescence of Y 2 O 3 .
Conclusions
In the preceding sections we have described the cathodoluminescence of undoped Y 2 O 3 and Y 2 O 3 :Eu 3+ crystals in the TEM by high-energy electron bombardment. At low temperatures we observed a broad emission band at about 353 nm, which has been ascribed to the migration of excitons to luminescence centres in Y 2 O 3 . We found that the UV/blue luminescence is strongly temperature dependent and that at concentrations 42 mol% Eu 3+ no blue light could be detected.
The temperature behaviour of the intrinsic luminescence of Y 2 O 3 has been explained with a model for the self-trapped excitons. The depth of these traps was found to be 0.14 eV. The concentration dependence of the UV/blue luminescence has been explained by the good overlap between the level of the blue Y 2 (0), (1) and (2) . For arrows (5), (6) and (7) we refer to text.
